Birth defects, which are in part caused by exposure to environmental chemicals and pharmaceutical drugs, affect 1 in every 33 babies born in the United States each year. The current standard to screen drugs that affect embryonic development is based on prenatal animal testing; however, this approach yields low-throughput and limited mechanistic information regarding the biological pathways and potential adverse consequences in humans. To develop a screening platform for molecules that affect human embryonic development based on endothelial cells (ECs) derived from human pluripotent stem cells, we differentiated human pluripotent stem cells into embryonic ECs and induced their maturation under arterial flow conditions. These cells were then used to screen compounds that specifically affect embryonic vasculature. Using this platform, we have identified two compounds that have higher inhibitory effect in embryonic than postnatal ECs. One of them was fluphenazine (an antipsychotic), which inhibits calmodulin kinase II. The other compound was pyrrolopyrimidine (an antiinflammatory agent), which inhibits vascular endothelial growth factor receptor 2 (VEGFR2), decreases EC viability, induces an inflammatory response, and disrupts preformed vascular networks. The vascular effect of the pyrrolopyrimidine was further validated in prenatal vs. adult mouse ECs and in embryonic and adult zebrafish. We developed a platform based on human pluripotent stem cell-derived ECs for drug screening, which may open new avenues of research for the study and modulation of embryonic vasculature.
high-throughput screening | endothelial cells | vascular toxicity | pluripotent stem cells | embryonic endothelial markers T he development of platforms for the rapid profiling of chemical/pharmaceutical substances that have an effect on embryonic development is of great interest to reduce human embryo lethality and birth defects (1) . In the United States, ∼3% of all babies born each year have birth defects (https://www.cdc.gov/ ncbddd/birthdefects/data.html). The majority of birth defects were the result of multiple environmental and/or genetic effects that acted in concert. Environmental causes included pesticides, pharmaceuticals, solvents, metals, and air pollutants (2) . The cardiovascular system is the first functional organ to develop in the mammalian embryo, and thus, the disruption of the vascular system is important for the identification of compounds with developmental toxicity (3, 4) . Disruption of vascular development has been correlated with fetal loss, human malformations, and cognitive impairment (5, 6) . Standard protocols for assessing the effect of chemicals on vascular development involve testing on animals. Unfortunately, these tests are low-throughput, expensive, yield limited mechanistic information, and do not account for differences between species. Recent approaches combining highthroughput screening and high-content screening platforms with computational systems modeling have been used for the identification of vascular-disruptive developmental drugs (3, 4) ; however, they do not account for differences between species.
Human pluripotent stem cells (hPSCs) represent a potential source of embryonic endothelial cells (ECs) (7) . hPSC-derived ECs have not been used for the identification of molecules that disrupt vascular development, in part because it is relatively unknown whether hPSC-derived ECs exhibit embryonic features, because a set of markers to distinguish embryonic ECs from postnatal ECs has to be identified. In addition, it requires the validation of the hits identified in static screening conditions under flow conditions to replicate the hemodynamics of blood vessels. Approaches to mimic the hemodynamic forces experienced by vessels in vivo require the development of microfluidic platforms. Recently, researchers have replicated the circular cross-section of blood vessels in microfluidic devices (8) ; however, these tools have not been used in the context of drug screening. Moreover, it requires a final validation of the hits in animal embryos.
Here, we report a platform suitable for the high-throughput screening of compounds that affect embryonic vascular development.
Significance
It is well recognized that several chemicals and/or drugs are potentially harmful if used during pregnancy. Unfortunately, systems capable of predicting which drugs affect embryonic development rely almost exclusively on prenatal animal testing, with all the associated limitations. Using human pluripotent stem cells, we developed a fully humanized system capable of predicting which drugs affect, specifically, vascular embryonic development. The system was used to screen a library of chemicals (1,280 drugs), and two compounds were identified as specific inhibitors of human embryonic vasculature. The platform described here is a valid alternative to animal testing and can be used to screen existing and newly developed drugs.
We established the conditions for the differentiation of hPSCs into embryonic ECs followed by their maturation under flow conditions for more accurate toxicological assessment. Using a high-throughput assay, we identified fluphenazine (an antipsychotic) and 7-cyclopentyl-5-(4-phenoxy)phenyl-7H-pyrrolo [2, 3-d] pyrimidin-4-ylamine (7-Cyclo; an antiinflammatory agent) as compounds that interfere with cell viability and disrupt in vitro embryonic vascular networks. Our results further show that 7-Cyclo's effect is mediated by the inhibition of vascular endothelial growth factor receptor 2 (VEGFR2) highly expressed in the embryonic ECs. These findings were validated in vitro, where we demonstrated that 0.001 μM 7-Cyclo interferes with hPSC-derived EC cord-like structure in Matrigel and cell viability. Additionally, in vivo, we showed that 0.1 μM 7-Cyclo specifically blocks the motility and sprouting of arterial ECs during intersomitic vessel development in zebrafish embryos.
Results
Derivation of ECs from hPSCs. To differentiate human embryonic stem cells (hESCs) into ECs, we used a protocol that combined VEGF 165 (9) , thymosin β4 (Tβ4) (10) , and TGF-β inhibitor (SB431542) (11) + cells were isolated by using magnetic activated cell sorting (MACS) and cultured in EGM-2 medium supplemented with SB431542. Gene expression analysis in cells differentiated for three passages (between 18 and 22 d after cell seeding) indicated that the cells expressed CD34, vascular endothelial cadherin (VECAD), and VEGFR2 at the same or at a higher level compared with human umbilical vein ECs (HUVECs), albeit they exhibited a lower expression of VWF and CD31, which may indicate different levels of maturation (Fig. 1B) . Flow cytometry and immunocytochemistry analyses showed that CD31 + cells cultured for three passages expressed high levels of EC markers ( Fig.  1 C and D) , but not other mesoderm-derived cell lineages, such as the smooth muscle cell marker α-SMA (SI Appendix, Fig. S1A ). Similar results were obtained for ECs derived from human induced pluripotent stem cells (hiPSCs) generated from cord blood (12) (SI Appendix, Fig. S2 ). Microarray data from hESC-derived ECs, human umbilical artery ECs (HUAECs), human arterial ECs (HAECs), and HUVECs were integrated. Clustering analysis showed that hESC-derived ECs are more related to an arterial than a venous gene expression profile (SI Appendix, Fig. S1B ). Overall, our results showed that we obtained a significantly pure EC population from hPSCs.
Next, we performed gene microarray for hESC-derived ECs, HUAECs (fetal cells), and HAECs (adult cells) and compared the global gene expression with data from ECs isolated from embryonic day 8.5 (E8.5) mouse embryos (13) . Interestingly, the hESC-derived ECs showed a robust clustering to embryonic ECs (Fig. 1E) . We then used k-means clustering to extract the set of genes enriched in both embryonic and hES-derived ECs (Fig. 1E and SI Appendix, Table S2 ). Thirteen genes were selected and confirmed by quantitative RT-PCR (qRT-PCR) (DLL1, EPHB2, LYN, TEK, ID1, NRP2, CAST, FLT1, IGF1, DKK3, NIN, LEF1, and SORBS3; Fig. 1F and SI Appendix, Fig. S1C ). ECs isolated from embryonic mouse aorta at day E12.5 (mAECs E12.5) and postnatal day 1 (mAECs p1) were used to confirm the embryonic identity. qRT-PCR results validated the microarray analysis and further showed that the 13 genes were up-regulated in mAECs E12.5 compared with mAECs p1 (Fig. 1F and SI Appendix, Fig.  S1C ). Together, the results indicated that hESC-derived ECs have embryonic-like properties.
Next, we asked whether hESC-derived ECs are functional. hESC-derived ECs are able to take up Dil-labeled acetylated lowdensity lipoprotein and formed cord-like structures when cultured in the basement membrane Matrigel (Fig. 1C) . In addition, hESCderived ECs responded to the vasoactive agonists, similar to HUVECs or HUAECs, by increasing the intracellular levels of Ca 2+ (Fig. 1G) . hESC-derived ECs did not respond to thrombin as HUAECs, and they had different response profiles to VEGF 165 , prostaglandin H2-analog, and histamine. No similarity was found in the response profiles of hESC-derived ECs and HUVECs. Furthermore, hESC-derived ECs responded to proinflammatory stimuli, such as tumor necrosis factor alpha (TNF-α), by increasing the expression of ICAM1, CD40, and VCAM1 (Fig. 1H) . Together, our results show that hESC-derived ECs are functional; however, they show differences in their activity compared with HUAECs and HUVECs, which is likely due to their embryonic properties.
To induce the maturation of hESC-derived ECs, we cultured the cells under flow conditions (20 dyne/cm 2 ) for 7 d. Knowledge about flow conditions during human embryo development is scarce, and thus we selected arterial flow conditions (14) to culture the hESCderived ECs that have a gene expression profile more related to arterial ECs (SI Appendix, Fig. S1B ). Previous studies have shown that a mechanosensory complex formed by CD31, VECAD, and VEGFR2 mediates the responsiveness of ECs to flow shear stress (15) . Indeed, the expression of CD31 and VEGFR2 was upregulated in flow conditions (SI Appendix, Fig. S1 D and E), as previously shown in adult ECs (15) . The maturation of the hESCderived ECs was also evaluated by their capacity to express heparan sulfate proteoglycan (HSPG), a component of the glycocalyx layer (16) (SI Appendix, Fig. S1F ). HSPG is absent in ECs cultured in static conditions, as shown in previous studies (16) . However, both hESC-derived ECs and control HUAECs cultured under flow conditions were abundantly decorated with HSPGs. HSPGs are detected in the apical region of ECs (XZ view) exposed to flow. These results showed that hESC-derived ECs responded to flow by producing HSPG, as observed in vivo. Overall, our results indicated that hESC-derived ECs mature under flow conditions, as shown by the up-regulation of the mechanosensory complex and their capacity to express HSPG. ) conditions can respond to compounds that interfere with EC activity, we cultured cells for 7 d in each condition, after which the culture medium was supplemented or not with terbinafine (0.1 and 1 μM), an antiangiogenic drug that suppresses EC proliferation and activates EC apoptosis (17, 18) , for an additional day. Our results indicated that the hESC-derived ECs are highly sensitive to terbinafine because the expression of inflammation (ICAM-1; E-SELECTIN), oxidative stress sensing (HO-1), and vasculature modulation (eNOS) genes was upregulated in cells cultured in flow conditions with terbinafine (SI Appendix, Fig. S3 ). In addition, the expression of dimethylargininedimethyl-amino-hydrolase (DDAH) genes, a family of enzymes that metabolizes asymmetric dimethylarginine (ADMA) (19) , a marker of EC dysfunction, was significantly down-regulated in hESCderived ECs cultured under flow conditions (P < 0.05 or 0.01; n = 4), but not in static conditions. Furthermore, the secretion of ADMA and the ratio of the von Willebrand factor propeptide (vWFpp):von Willebrand factor (vWF) (20) , both indicators of EC activation/injury, were higher in hESC-derived ECs cultured in flow conditions in the presence of terbinafine than in static conditions. Overall, these studies demonstrate that hESC-derived ECs can be used to test inhibitory molecules, and cells cultured under physiologic shear stress have a higher sensitivity to terbinafine than cells cultured in static conditions.
Having demonstrated the drug sensitivity of hESC-derived ECs, we next asked whether we could identify compounds that interfered with embryonic-like ECs using high-throughput screening. Thus, we exposed hESC-derived ECs in static conditions to a Library of Pharmacologically Active Compounds (LOPAC) consisting of Red designates increased expression, and blue designates decreased expression relative to the mean. (F) qRT-PCR analysis for genes more highly expressed in embryonic ECs than in fetal or adult ECs. hESC-derived ECs at passage 4, HUAECs, embryonic mouse aortic ECs at day 12.5 (mAEC E12.5), and postnatal day 1 (mAEC p1) have been characterized. Gene expression was normalized by the expression of GAPDH. Results are mean ± SEM (n = 4). Statistical analyses were performed by an unpaired t test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (G) Variation of intracellular Ca 2+ in FURA-2-loaded cultured hESC-derived ECs, HUAECs, or HUVECs in response to several agonists. Traces are representative of six independent experiments for each condition. (H) hESC-derived EC activation by exposure to TNF-α (10 ng/mL) for 24 h. The shift in each plot indicates the percentage of cells that express a specific marker after exposure to TNF-α, subtracted by the percentage of cells that express the corresponding marker in the absence of TNF-α. Results are mean ± SEM (n = 4).
1,280 bioactive compounds, and we assessed cell viability after 4 d using a PrestoBlue assay (resazurin-based solution that is reduced by viable cells) ( Fig. 2A) . The library was screened at a single concentration (4.5 μM) according to previous studies using ECs (21) (22) (23) (24) and other cells (25, 26) , in a volume of 200 μL per well of EGM-2 medium containing 0.25% DMSO (vol/vol). To identify compounds that selectively target ECs, we screened the same library against human anterior cruciate ligament (ACL) cells. These cells were chosen because they are nonvascular cells isolated from a poorly vascularized tissue, and thus their survival does not heavily rely on blood supply (27) . Of the 1,280 compounds, 99 compounds induced differences in cell viability (hESC-derived ECs vs. ACL cells) of >50% and were considered for further analyses (SI Appendix, Table S3 ). To identify compounds that were selective to embryonic ECs, but not fetal ECs, we screened the library against HUAECs (Fig. 2A) . Six compounds (danazol, chlorpromazine hydrochloride, ellipticine, 3′,4′-dichlorobenzamil, fluphenazine dihydrochloride, and 7-Cyclo) affected cell viability in both cells by a difference of 20% (Fig. 2B) . The compounds selected from the primary screen were then tested against hESC-derived ECs and HUAECs at different concentrations to obtain a dose-response curve ( Fig. 2C and SI Appendix, Fig. S4 ). Compounds 7-Cyclo and fluphenazine dihydrochloride were selected for further testing due to the significant difference in the effects on hESC-derived ECs vs. HUAECs.
To test the properties of 7-Cyclo and fluphenazine hydrochloride in the disruption of vascular networks, microvessels of hESCderived ECs and HUAECs were formed on top of Matrigel to have a patent lumen (SI Appendix, Fig. S5 ) and subsequently exposed to the drug between 3 and 20 h (depending on the assay). Our results showed that there was a statistically significant reduction in the network length and number of sprouts in microvessels formed by hESC-derived ECs after incubation with 1 μM 7-Cyclo, whereas a negligible effect was observed in microvessels formed by HUAECs (Fig. 3 A and B and SI Appendix, Fig. S6A ). Importantly, the toxicity of 7-Cyclo against hESC-derived ECs was extensive to 0.001 μM (SI Appendix, Fig. S7A) . A similar trend was observed for cells treated with fluphenazine, although less pronounced than 7-Cyclo ( Fig. 3C and SI Appendix, Fig. S6B ).
We complemented these results by evaluating cell metabolism as well as cell viability by annexin V/propidium iodide (PI) staining in hESC-derived ECs and HUAECs cultured on top of Matrigel. Our results show that hESC-derived ECs reduce significantly ATP production and have significant apoptosis/necrosis when cultured with 7-Cyclo in concentrations up to 0.001 μM for 3 h (Fig. 3 D  and E and SI Appendix, Fig. S7B ). This effect was less pronounced in HUAECs cultured with 7-Cyclo. In addition, the higher toxicity of 7-Cyclo (1 μM) against human embryonic ECs compared with fetal ECs was also confirmed in mouse ECs, specifically mAECs E12.5 against mAECs p1 (SI Appendix, Fig. S8 ). Moreover, hESCderived ECs were more sensitive to the toxicity effects of fluphenazine than HUAECs, although the effect in both cells was relatively lower than that observed for 7-Cyclo (Fig. 3 F and G) .
Fluphenazine has been described as an antipsychotic agent that inhibits calmodulin in ECs and increases intracellular concentration of Ca 2+ (28) . The inhibition of calmodulin leads to the inhibition of calmodulin kinase II, which, in turn, inhibits the phosphorylation of extracellular signal-regulated kinase (ERK) (29) and finally affects cell survival. Our results indicate that embryonic ECs cultured with fluphenazine showed higher mobilization of intracellular levels of Ca 2+ (SI Appendix, Fig. S9 ), lower calmodulin kinase II activity, and lower levels of ERK and AKT phosphorylation than postnatal ECs (SI Appendix, Fig. S10 ). For further testing, we selected 7-Cyclo because hESC-derived ECs were more susceptible to this compound than fluphenazine.
To evaluate the effects of 7-Cyclo in flow conditions, hESCderived ECs were cultured in a poly(dimethylsiloxane) (PDMS) microfluidic system with cylindrical channels for 7 d at 20 dyne/cm 2 ( Fig. 4A ). ECs were able to form a confluent monolayer on the entire inner surface of the channel after 48 h. At day 7, cells were exposed to EGM-2 medium supplemented with 1 μM 7-Cyclo for 24 h, and their gene expression and secretome were analyzed ( Fig. 4B) . Our results revealed that hESC-derived ECs showed significant cell death (SI Appendix, Fig. S11A ). In addition, hESCderived ECs exposed to 7-Cyclo expressed significantly higher levels of inflammatory genes, such as ICAM-1, E-SELECTIN, HO-1, and eNOS (P < 0.0001, n = 4), and expressed lower levels of DDAH1 and DDAH2 (P < 0.05 or 0.0001, n = 4), which are enzymes that metabolize ADMA, compared with cells cultured under static conditions (Fig. 4C) . Interestingly, EC inflammation and injury occurred upstream of cell apoptosis/necrosis (SI Appendix, Fig. S11B ). In the case of HUAECs cultured under the same conditions, the effect was less pronounced. No down-regulation of DDAH-1 and -2 was observed. We complemented these gene analyses with analyses of ADMA and the ratio of vWFpp:von vWF secreted by these cells (Fig. 4D) . hESC-derived ECs or HUAECs cultured in static conditions in the presence of the drug demonstrated similar secretion of ADMA or vWFpp:vWF as control conditions (i.e., without the drug). Importantly, hESC-derived ECs cultured under flow conditions in the presence of 7-Cyclo secreted higher levels of ADMA (2.5-fold) and vWFpp:vWF (1.6-fold) than without the drug, and significantly higher levels of ADMA were observed compared with HUAECs. This result was likely due to differences in the expression profile of 7-Cyclo molecular targets (i.e., tyrosine kinases; see below) either in static or flow conditions (SI Appendix, Fig. S12 ). Overall, our results indicated that hESCderived ECs were more sensitive to the effects of 7-Cyclo compared with HUAECs. To further confirm the effects of 7-Cyclo in the embryonic vasculature, we incubated mAECs E12.5 and mAECs p1 with 7-Cyclo (1 μM) for 24 h under static conditions. Inflammation, oxidative stress sensing, vascular modulation, and vascular injury-sensing genes were statistically up-regulated in mAECs E12.5 compared with cells without treatment (SI Appendix, Fig. S13 ). In contrast, 7-Cyclo had no effect on mAECs p1. The degree of action of 7-Cyclo in mAECs E12.5 was similar to the effect identified in hESC-derived ECs (Fig. 4C) .
We further validated these findings in vivo using zebrafish Tg(fli1a:eGFP) y1 embryos (30) by evaluating the effect of 7-Cyclo on the development of intersegmental blood vessels (ISVs). Results are mean ± SEM (n = 4; two phase-contrast images per well and time). In B and C, statistical analyses between experimental groups and no treatment (0 μM 7-Cyclo) for the same time were performed by a one-way ANOVA test followed by a Newman-Keuls multiple comparisons test. (D and F) ATP analyses on hESC-derived ECs or HUAECs cultured on top of Matrigel for 12 h and then exposed for 3 h to 7-Cyclo (D) or fluphenazine (F). Results are mean ± SEM (n = 4). Statistical analyses were performed by one-way ANOVA test followed by a Newman-Keuls multiple comparisons test. (E and G) Quantification by flow cytometry of cell viability (annexin−/PI−), necrosis (annexin−/PI+), early (annexin+/PI−), and late (annexin+/PI+) apoptosis by using annexin V/PI staining, in cells cultured on top of Matrigel for 12 h and then exposed for 3 h to 7-Cyclo (E) or fluphenazine (G). Results are mean ± SEM, n = 4. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
(i) the number of ISVs, (ii) number of ISVs reaching the dorsal longitudinal anastomotic vessel (DLAV), and (iii) percentage of caudal plexus sprouts was quantified ( Fig. 5 A and B) . Our results show that 7-Cyclo is toxic to zebrafish embryos at a concentration of 0.1-1 μM. At concentrations of 1 μM, 7-Cyclo blocked the motility and sprouting behavior of arterial ECs during intersomitic vessel development in zebrafish embryos. We also evaluated the effect of 7-Cyclo in adult zebrafish Tg(fli1a:eGFP) y1 . Because drug accessibility and pharmacokinetics is likely different in both models (31) , the concentration and time of exposure of 7-Cyclo will be different, making a direct comparison difficult. To overcome this issue, we evaluated the effect of 7-Cyclo on the zebrafish caudal fin regeneration model (SI Appendix, Fig. S14 ). In this model, we could monitor simultaneously the effect of 7-Cyclo in the preformed vasculature (mature ECs) and in the forming vasculature [immature ECs; more dependent in VEGF signaling than preformed vasculature (31) ]. The zebrafish tail fin is very thin and optically transparent, which facilitates the vascular toxicity monitoring. Our results clearly show a more dramatic effect of the drug on newly formed vessels than on the preexistent vessels in the adult.
Effect of 7-Cyclo in Embryonic ECs. The 7-Cyclo is a cell-permeable pyrrolopyrimidine that acts as a potent inhibitor of tyrosine kinases (32) . To understand the distinct effect of 7-Cyclo in embryonic vs. fetal/adult ECs, we mined the microarray data and compared the expression levels of different kinases. Of the 38 genes that encode for tyrosine kinases (Fig. 5D and SI Appendix, Table S4), 13 of the genes (EFS, VEGFR2, LYN, EGFR, ZAP70, FLT1, FLT4, LTK, MERTK, NRP1, NTRK2, TEK, and TYRO3) were expressed at higher levels in hESC-derived ECs compared to HUAECs or HEACs. The expression of EFS, VEGFR2, LYN, EGFR, ZAP70, NRP1, and TEK was further confirmed by using qRT-PCR (Fig. 5C) .
Next, we evaluated the expression of tyrosine kinase genes on mAECs E12.5 and p1 to validate the results obtained in hESCderived ECs. The same results were observed-that is, tyrosine kinases were expressed more in embryonic ECs (in human and mouse) compared with fetal/adult tissues [except for EGFR in mouse (Egfr)]. The kinase activity of hESC-derived ECs and HUAECs was assessed by using luminescence (signal is inversely correlated with the level of kinase activity) in the absence or presence of compound 7-Cyclo (Fig. 5E) . After 24 h of incubation with 7-Cyclo (0.1 or 1 μM), the kinase activity of hESCderived ECs decreased significantly from time 0 (P < 0.01), whereas no significant decrease was observed in HUAECs. Results are mean ± SEM (n = 6). Statistical analyses were performed by one-way ANOVA test followed by a Newman-Keuls multiple comparisons test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
Together, our results indicate that 7-Cyclo affects hESC-derived ECs, which likely inhibits tyrosine kinases that are highly expressed in the embryonic state. VEGFR2 is an important target of 7-Cyclo because the IC 50 of the drug for this tyrosine kinase is 1.57 μM (33) . Therefore, we evaluated the effect of the drug in the phosphorylation of VEGFR2. The phosphorylation decreased significantly in hESCderived cells, but not in HUAECs (Fig. 6A) . However, if we overexpressed VEGFR2 in HUAECs (SI Appendix, Fig. S15 ), we had a significant decrease in VEGFR2 phosphorylation (Fig. 6A) , as well as in the length and sprouts of cord-like vessels formed on Matrigel (Fig. 3B) . Like in the human system, in the mouse system the phosphorylation decreased in mAEC E12.5, but not in mAECs p1, indicating that embryonic ECs are more sensitive to 7-Cyclo than postnatal ECs (Fig. 6A) . Our results further showed that the increased sensitivity of embryonic ECs to 7-Cyclo is likely due to their higher expression of VEGFR2 (hESC-ECs: 76.5 ± 2.9; mAEC E12.5: 67.3 ± 3.1) compared with postnatal ECs (HUAECs: 70.4 ± 2.1; mAECs p1: 49.6 ± 2.6) (Fig. 6B) . The increased sensitivity of embryonic ECs to 7-Cyclo is not due to Luminescence is inversely related to kinase activity. Results are mean ± SEM (n = 6). Statistical analyses were performed by one-way ANOVA test followed by a Newman-Keuls multiple comparisons test. *P < 0.05; **P < 0.01; ***P < 0.001. ns, not significant.
changes in the level of VEGF expression after drug exposure (SI Appendix, Fig. S16 ). Downstream effectors of VEGFR2 are ERK and AKT signaling pathways (34) . Phosphorylation of ERK activates cell proliferation, while phosphorylation of AKT activates cell proliferation, migration, and survival (34, 35) . Like ZM323881, a highly selective inhibitor of VEGFR2 (34), 7-Cyclo reduced significantly the phosphorylation of both AKT and ERK in hESC-ECs (Fig. 6 C and D) . This effect was significantly lower in HUAECs. To determine whether the inhibition of AKT and ERK was synchronized with VEGFR2 inhibition, we performed dose-effect analyses and calculated the correlation between the . The 7-Cyclo also increases the expression of the molecules involved in vascular injury such as ADMA, propeptide vWF, eNOS, ICAM-1, eSelectin, and HO-1. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
slopes of both graphs (Fig. 6E) . The correlations found (AKT: 0.914; ERK: 0.987) indicate that there is a strong relationship between AKT and ERK inhibition and VEGFR2 blocking by 7-Cyclo. Together, our results indicate that 7-Cyclo inhibits the kinase activity of VEGFR2, which further inhibits AKT and ERK signaling pathways, inducing cell death (Fig. 6F) . The higher sensitivity of embryonic ECs to 7-Cyclo than postnatal ECs is likely due to high expression of VEGFR2.
Discussion
In this study, we described a platform for the high-throughput screening of chemicals that affect embryonic vascular development. This platform includes (i) the differentiation of hPSCs into embryonic-like ECs, followed by their maturation under flow shear stress; (ii) high-throughput identification of small molecules that interfered with embryonic-like EC survival in a twostep protocol; (iii) confirmation of the hits in embryonic-like ECs cultured under flow shear stress; and (iv) final validation in mouse embryonic ECs and the zebrafish animal model. Previous studies have performed very useful in vivo screens for inhibitors of vascular development in zebrafish embryos (36) and Xenopus embryos (37) . Although in vivo screening systems integrate all physiological processes, they have some limitations that can be addressed by high-throughput cellular platforms. First, the identified compounds might affect embryonic as well as fetal/adult vasculature. In the present work, we identified drugs that more specifically target embryonic ECs using a two-step protocol involving (i) a primary screen against a nonvascular cell (ligament cells) and (ii) a primary screen against fetal ECs (HUAECs). Second, in the in vivo testing, the test compounds did not have direct access to their target, but were metabolized or resorbed. In addition, other cell types or the immune system can alter the drug effects, which makes difficult to attribute the primary target for the drug (21) . Third, studies in animal embryos (zebrafish, Xenopus, rats, and rabbits) do not account for differences in the vascular development between humans and small animals (4) .
Recent studies have shown the derivation of ECs from hPSCs with high efficiency in chemical defined medium (38, 39) and exhibiting features of arterial-like ECs (39-42); however, it was unclear what their maturation stage was under flow conditions and whether they exhibited embryonic or adult features. Both features have significant impact on drug screening, as confirmed by results of the present work. In this study, we derived embryonic-like ECs. At the gene level, clustering analyses showed that hESC-derived ECs were more related to embryonic than adult ECs. Although a defined set of embryonic EC gene markers has not yet been identified, in this study, we identified 328 embryonic EC genes, some of which were validated by qRT-PCR (DLL1, EPHB2, LYN, TEK, ID1, NRP2, CAST, FLT1, IGF1, DKK3, NIN, LEF1, and SORBS3). We further showed that embryonic ECs have a high expression of tyrosine kinases, including EFS, VEGFR2, LYN, EGFR, ZAP70, NRP1, and TEK. Importantly, flow shear stress enhanced the maturation of ECs as shown by an up-regulation of EC mechanosensory complex proteins VECAD and VEGFR2, cell alignment in the direction of the flow, and production of HSPGs.
There is currently a limited set of chemical compounds that have been described to affect human embryonic vascular development. Thalidomide, which was prescribed in the 1960s, is the most well-known embryonic vascular disruptive drug. Thalidomide inhibits angiogenesis via the prevention of filopodial extensions from the endothelial tip cell (43) . Thalidomide is one of the drugs of the LOPAC; however, the drug was not a hit in our screening. This finding was likely due to the high concentration of the drug (>5 μM) that is required to affect cell viability, as previously shown (44) .
In the present study, the screening of the chemical library was performed at one concentration (4.5 μM), and the endpoint was cell viability after 96 h of exposure. This endpoint may reflect multiple effects of the selected drug, and thus we further confirmed its toxicity in multiple secondary assays for low concentrations of the drug (up to 0.001 μM). Although not explored, the effect of the chemical library in specific properties of ECs, such as migration, capillary tube formation, vascular inflammation, among others (24), may also be important for the identification of drugs affecting embryonic vascular development. The concentration selected for the screening was based on previous screenings (21, 22, 24) and was below the toxicity of thalidomide (>5 μM) (44) .
In recent years, several drugs have been identified to disrupt vascular development in zebrafish and Xenopus embryos (36, 37, 45) ; however, in many cases, the drugs have not been validated in human cells, and most of the drugs likely affect both the adult vascular system and embryonic vascular development. In this study, we identified two embryonic EC inhibitors, namely, fluphenazine and 7-Cyclo, using high-throughput screening. Fluphenazine medication is not recommended during pregnancy; however, for a woman who is taking this medication at the time of conception, by the time the pregnancy is confirmed, most or all of the organogenesis has already occurred. An international epidemiological survey of drug use in pregnancy showed that 3.5% of the women took psychotropic drugs during pregnancy (46) . It was found that the human fetus exposed to fluphenazine had severe rhinorrhea, respiratory distress, and delayed extrapyramidal symptoms (47) . Our study shows that fluphenazine has a higher effect in the disruption of embryonic vascular networks than postnatal ones.
Previous studies have demonstrated that 7-Cyclo (20 μM) disrupts blood vessel formation in Xenopus embryos and is an inhibitor of in vitro lymphangiogenesis (21, 37) . Our results indicated that hESC-derived ECs exposed to medium supplemented with 7-Cyclo (1 μM) for 24 h under flow conditions showed an up-regulation of inflammatory genes and secretion of vascular injury markers. This effect was higher on hESC-derived ECs compared with HUAECs. Similar results were also obtained for mouse embryonic ECs and postnatal ECs (i.e., mouse embryonic ECs were sensitive to the toxicity of 7-Cyclo, whereas postnatal ECs showed no measurable effect against the same compound). We also confirmed in vivo the effect of 7-Cyclo on ISV development of zebrafish embryos and showed that it specifically blocked the motility and sprouting behavior of arterial ECs.
The effect of 7-Cyclo against embryonic-like ECs involved the inhibition of VEGFR2, which is highly expressed in embryonic ECs compared with fetal or adult ECs. This inhibition (at 0.1 μM) occurred in embryonic ECs (hESC-ECs), but not in fetal ECs (HUAECs), due to the high level of VEGFR2 expression in the former. However, the overexpression of VEGFR2 in HUAECs makes these cells sensitive to 0.1 μM 7-Cyclo. The inhibition of VEGFR2 leads to a significant inhibition of AKT and ERK pathways with higher efficiency than a commercial inhibitor. This inhibition, in turn, leads to cell necrosis. In conclusion, the platform described in this study is promising for the identification of compounds that affect vascular development, as well as to study embryonic vascular biology.
Methods
Detailed methods are available in SI Appendix, SI Materials and Methods.
hPSC Culture and Differentiation. Undifferentiated hESCs (passages 33-36; H9, WiCell) or hiPSCs K2 (passages 32-35; cord blood-derived iPSCs kindly donated by Ulrich Martin; Leibniz Research Laboratories for Biotechnology and Artificial Organs, Department of Cardiothoracic, Transplantation and Vascular Surgery, Hannover Medical School, Hannover, Germany) were grown on an inactivated mouse embryonic fibroblast feeder layer, as described (9, 48) . Cells were induced to differentiate into ECs by using different protocols (SI Appendix, SI Materials and Methods). hESCs were used with the approval of the ethics commitee from University of Coimbra.
Isolation of CD31
+ Cells. CD31 + cells were isolated from differentiated hESCs or hiPSCs at day 18 by using MACS (Miltenyi Biotec). Isolated cells were grown
